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Hard X-ray tomography with Paganin’s widespread single-distance phase retrieval filter improves contrast-to-noise
ratio (CNR) while reducing spatial resolution (SR). We demonstrate that a Gaussian filter provided larger CNR at high
SR with interpretable density measurements for two medically relevant soft tissue samples. Paganin’s filter produced
larger CNR at low SR, though a priori assumptions were generally false and image quality gains diminish for CNR
> 1. Therefore, simple absorption measurements of low-Z specimens combined with Gaussian filtering can provide
improved image quality and model-independent density measurements compared to single-distance phase retrieval.
Hard X-ray micro tomography non-destructively provides
a three-dimensional map of a wide range of samples.1 Med-
ically relevant tissues are composed primarily of low-Z ele-
ments and therefore have low X-ray absorption. Phase con-
trast methods have been proposed because the phase cross-
section is orders of magnitude larger than the absorption
cross-section for photon energies on the order of 10 keV.2
The simplest phase contrast techniques are propagation-
based, where Fresnel diffraction from free-space propaga-
tion of the X-ray wavefront makes phase information de-
tectable in intensity measurements.3 Sufficient coherence and
propagation distance allow for the wavefront phase shift
to be extracted from radiographs at one or more positions
downstream.4,5 Exact phase retrieval for samples with non-
negligible absorption may require several downstream posi-
tions or multiple energies.6 Still, single-distance approaches
can provide semi-quantitative phase retrieval, reduce edge en-
hancement, and in some cases improve the contrast-to-noise
ratio (CNR).7 The single-distance phase retrieval filter intro-
duced by Paganin et al. is among the most used thanks to
its simplicity and large CNR gains.8 This method has found
many applications, for example low-dose medical imaging
and virtual histology.9–12
However, image quality is a function of both the CNR
and the spatial resolution (SR),13,14 which Paganin filtering
reduces.15 It is often unclear if CNR gains should be attributed
to phase sensitivity or the low-pass effects. Previous experi-
ments have shown that pixel binning of tomography measure-
ments improve the CNR at the expense of SR.14,16 The ques-
tion now arises if low-pass filtering of absorption datasets17
outperforms Paganin phase retrieval when both CNR and SR
are taken into account.
In this study, we present two synchrotron radiation-based
microtomography (SRμCT) measurements of biological tis-
sues: a cylinder of paraffin-embedded human cerebellum and
a formalin-fixed mouse kidney. Gaussian filtering was applied
to the projections prior to reconstruction in absorption contrast
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mode, while Paganin filtering was used for phase retrieval of
the projections before reconstruction. The CNR and SR were
measured for a range of filter kernels to optimize image qual-
ity.
The human cerebellum tissue was extracted post-mortem
with informed consent for scientific use and embedded ac-
cording to the standard procedure for pathological anal-
ysis, i.e. transferred to 4% histological-grade buffered
paraformaldehyde, ascending ethanol solutions, xylene, and
finally embedded in a paraffin mixture. A stainless-steel
punch was used to produce the final 6 mm diameter sample.
One seven-month old female C57BL/6J mouse was anaes-
thetized with Ketamine/Xylazine and the kidneys were per-
fused retrogradely via the abdominal aorta18 at 150 mmHg
with 10 ml of phosphate-buffered saline (PBS), 100 ml 4%
formaldehyde/1% glutaraldehyde/PBS, 20 ml PBS, 50 ml
glycine solution (5 mg/ml in PBS), 40 ml PBS. 4 ml of X-ray
contrast agent solution (75 mg iodine/ml) was injected into the
vasculature to distinguish blood vessels from tubules. The ab-
dominal cavity was then filled with 4% glutaraldehyde/PBS to
crosslink the contrast agent, and the kidneys excised and kept
in 4% glutaraldehyde/PBS. The right kidney was mounted in
1% Agar/PBS in a 0.5 ml PCR tubes to avoid movement dur-
ing scanning.
The SRμCT measurements were performed at Dia-
mond Manchester Imaging Beamline (I13-2, Diamond Light
Source, Didcot, UK), where an undulator source is used.19 Ta-
ble I shows the acquisition parameters for both measurements.
The optimal photon energy criteria for an absorption con-
trast measurement is given by µ(E)×D = 2 (equivalent to
13% transmission), where µ(E) is the linear attenuation coef-
ficient and D the sample diameter.13 Both the brain and kidney
samples have µ×D< 2, indicating higher than optimal pho-
ton energies.
The conditions for validity of the Paganin phase retrieval
are (i) single homogenous material or constant δ/β through-
out the specimen, (ii) monochromatic plane wave, and (iii)
the detector is in the near-field.20 It should be noted negligi-
ble sample absorption is not required. Previous X-ray grat-
ing interferometry measurements of the brain sample confirm
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2TABLE I. Summary of the acquisition parameters for the human
cerebellum and mouse kidney samples measured at the Diamond
Manchester Imaging Beamline (I13-2, Diamond Light Source, Did-
cot, UK). zc is the critical distance for the single distance phase re-
trieval as defined by Weitkamp et al.20
Sample Brain Kidney
Mode monochromatic filtered pink beam
Mean photon energy 20 keV 23 keV
Camera pco.4000a pco.4000
Bit depth 14 14
Objective PLAPON 2Xb PLAPON 4X
Numerical aperture 0.08 0.16
Hardware binning 2×2 1×1
Effective pixel size 4.6 µm 1.125 µm
Scintillator LuAG LuAG
500 µm 500 µm
Detector distance 7 cm 9 cm
zc 137 cm 9.4 cm
Sample transmissionc 75% 56%
Acquisition mode standard off-axis
step scan fly scan
Number of projections 1201 2501
Exposure time 2 s 0.5 s
Mean flat-field counts 10,000 1,700
a PCO AG, Kelheim, Germany
b Olympus Corporation, Tokyo, Japan
c Mean over ROI in sample center.
constant δ/β ratio,17 however the δ/β ratio is unknown for
the mouse kidney. Condition (ii) is valid for the brain mea-
surement with a double-crystal monochromator and previous
experimental results have shown Paganin’s method is robust
for polychromaticity such as filtered “pink beam” radiation.21
Condition (iii) can be expressed by the critical propagation
distance zc = (2a)2/λ , with pixel size a and X-ray wave-
length λ . For the brain, the 7 cm propagation distance is well
within zc = 137 cm. The kidney had 9 cm distance and zc =
9.4 cm. Therefore, the SR for both measurements will not be
limited by propagation effects.20 Both measurements showed
edge enhancement at the outer boundaries of the sample.
The initial SR of the kidney reconstruction was around 6
pixels while the initial SR of the brain measurement was near
the Nyquist limit (measured with the method proposed in Ref.
22.) These SR values are relatively consistent with the ex-
pected resolution of the detection system according to the
formalism developed by Koch et al. in Ref. 23. If the at-
tenuation lengths in LuAG (40 µm for 20 keV and 60 µm for
23 keV) are considered as effective scintillator depths, the val-
ues thus obtained for the expected resolution in terms of the
full width of the line-spread function containing 90% of the
intensity response are 9 µm (i.e. approximately 2 pixels) for
the brain samples and 5 µm (approximately 5 pixels) for the
kidney measurements.
Both the Paganin and Gaussian filters can be described
as a convolution of the transmission projection T (x,y) =
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FIG. 1. Reconstructed slices of the human cerebellum after Paganin
phase retrieval (left, blue) and Gaussian filtering (right, orange) of
the transmission projections. Filter kernel, SR (in pixels), CNR, and
QF are indicated. Regions for CNR measurement are given in the
unfiltered slice (green and yellow). Grayscale is given by the inter-
section of the histogram of each zoom with a threshold.
I(x,y)/I0(x,y). The Paganin filtered projection is given by
P(x,y) =F−1
{
1
1+ λ z4pi
δ
β (u
2 + v2)
×F{T (x,y)}
}
, (1)
whereF (F−1) denotes a two-dimensional (inverse) Fourier
transform, u and v are the Fourier-space coordinates (in units
of inverse pixels) dual to x and y, and z the propagation
distance.8,20 The Gaussian filtered projections are interpreted
as software-blurred transmission projections and are defined
by
G(x,y) =F−1
{
e−2pi
2σ2(u2+v2)×F{T (x,y)}
}
, (2)
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FIG. 2. Reconstructed slices of the mouse kidney after Paganin phase retrieval (left, blue) and Gaussian filtering (right, orange) of transmission
projections. Filter kernel, CNR, SR (pixels), and QF are indicated. Zooms help to identify reduced SR and improved CNR with increasing
filter size. Regions for CNR measurement are given in the unfiltered slice (green and yellow). Grayscale based on the intersection of the
histogram of each zoom with a threshold.
where σ is the standard deviation of the real-space Gaussian
filter (in pixels). Thus, Paganin filtering is multiplication with
a Lorentzian in Fourier space, while Gaussian filtering is mul-
tiplication with a Gaussian in Fourier space. Taking the loga-
rithm of Eq. 1 and multiplying by δ/2β provides a projected
phase shift map, while taking the logarithm of Eq. 2 and mul-
tiplying by 1/(2ka) provides the projected β map.
For this study, a filtered back-projection with the standard
Ram-Lak filter was used for tomographic reconstruction. All
analysis steps were implemented in Matlab (The MathWorks,
Inc., Natick, USA).
CNR and SR were measured in the reconstructed slices.
CNR is defined as |µ1− µ2|/
√
σ21 +σ
2
2 based on the mean
(µ) and standard deviation (σ ) within equal-sized, uniform
regions of interest (see green and yellow boxes of Figures 1
and 2). For reference, the difference of the linear attenua-
tion coefficient between these regions of interest is 1.33 m−1
(43.1 m−1) for the brain (kidney) sample. The SR was mea-
sured with the method proposed by Mizutani et al.22 that does
not require a noise criterion. Large values of SR correspond to
low spatial resolution. Here, SR is normalized by pixel size.
We define the image quality factor (QF) as
QF =
tanh(CNR)
SR/SR0
, (3)
where SR0 = 2 pixels is the Nyquist limit for the minimum
SR. Here, QF is used as a image quality metric that is max-
imized at QF = 1 for Nyquist-limited spatial resolution and
CNR→ ∞. The hyperbolic tangent provides diminishing in-
creases in QF for large CNR.
Fig. 1 shows characteristic reconstructed slices of the cere-
bellum sample after Paganin and Gaussian filtering with in-
creasing kernel sizes. The unfiltered reconstruction is given
in the top row for reference. Paraffin (p, black), molecular
layer (m, darker gray), and granular layer (g, lighter gray) can
be identified in all reconstructions. With increasing filter size,
both CNR and SR values increase. Each row has approxi-
mately equal spatial resolution. The largest QF is achieved
with Gaussian filtering (d), though both filters significantly
improve image quality (d,e,f). At low (high) values of SR,
Gaussian (Paganin) produces higher QF images. It should
be noted that all Gaussian filters produced accurate β values,
while only the Paganin filter with δ/β= 103 gave accurate δ
4(b)
(d) (e)
(c)
(f )
(h)
(g)
102 6 14
0
2
4
Co
nt
ra
st-
to
-n
ois
e 
ra
tio
8 106 12 14 16
Spatial resolution [pixels]
Spatial resolution [pixels]
0
10
20
Co
nt
ra
st-
to
-n
ois
e 
ra
tio
δ/β = 103
(b)
(c)
(a)
(d)
(f ) (e)
(g)
(h)
Paganin
Gaussian
Binning
Brain
Kidney
Paganin
Gaussian
(a)
δ/β = 102
FIG. 3. Measured CNR and SR (in pixels) for the reconstructed
slices of human brain (top) and mouse kidney (bottom) after Paganin
phase retrieval (orange) and Gauss filtering (blue). Binning up to
8× 8 pixels is also given for the brain for reference (green). Both
filters show a sigmoidal relationship between CNR and SR until at
very large SR uniform ROIs become difficult to select. Slices shown
in Figures 1(a-h) and 2(a-j) are indicated.
as confirmed by previous experiments.17
Fig. 2 shows characteristic reconstructed slices and zooms
of the mouse kidney, including the unfiltered datasets (left).
Tubular lumina (background, black), tubular tissue (darker
gray), and contrast agent in the vascular lumina (lighter gray)
can all be identified, particularly after filtering. The highest
QF image is produced with Gaussian filter of σ = 2 pixels.
For all SR values, the QF of Gaussian filtering is greater or
equal to Paganin filtering. Measured β does not depend on
the Gaussian filter, while δ is linear to the δ/β of the Paganin
filter. The correct δ/β was not known for this sample.
The CNR is plotted against the SR for both samples in
Fig. 3. At small values of SR, Gaussian filtering provides
greater CNR. At larger values of SR, Paganin filtering pro-
duces greater CNR. For the brain, the crossover is at δ/β
= 103, where accurate δ values are given by Paganin filter-
ing. For the kidney, the crossover point was at δ/β = 102.
The QF in these larger filter kernel regions is lower because
CNR > 1 and therefore the increasing SR is the dominant fac-
tor. For the brain specimen, the results of data binning14,16
are given, though CNR is lower than for Gaussian filtering
for any SR. For convenience, the software binned data were
nearest-neighbor interpolated back to their original size prior
to reconstruction to have equal pixel size to the other filtered
datasets.
The maximum QF reached for the brain (kidney) dataset
was 0.29 (0.24) for Gaussian filtering, 0.25 (0.21) for Paganin
filtering, and 0.23 for software binning. The maximum QF
for the kidney dataset was achieved at δ/β = 5 while for the
brain it was for δ/β = 500 and 1000. For context, the full
width at half maximum of the Paganin filter for the kidney
dataset at δ/β = 5 is nearly equal to that in the brain dataset
at δ/β = 100 (from Eq. 1 and the measurement parameters in
Table I.) Still, the δ/β optimizing QF for the Paganin filter has
no inherent physical meaning. The trade-off between SR and
CNR for Paganin filtering will depend on the noise and spatial
resolution of the imaging system rather than the accuracy of
the phase retrieval.
It should be noted that while software binning shows
smaller QF compared to Gaussian filtering for any SR, it pro-
vides the benefit of reducing the three-dimensional dataset’s
size by the cube of the binning factor. For this study, a two-
dimensional Gaussian filter was applied to the projections to
make an analogy with the Paganin filter. Three-dimensional
Gaussian filtering of the reconstructed data provided simi-
lar results with maximum quality factor within 1% of two-
dimensional filtering, although previous studies have shown
that binning prior to reconstruction provides benefits over bin-
ning reconstructed data.14 The combination of Gaussian filter-
ing before binning can provide the benefits of both strategies.
Mean and median filters also provided lower QF at any SR
compared with Gaussian filtering, therefore they are not pre-
sented here. Further studies should determine how Gaussian
filtering compares with more advanced filters such as bilateral
filtering.24,25
For reference, the difference in linear attenuation coeffi-
cient between the regions of interest is 1.33 m−1 in Fig. 1 and
43.1 m−1 in Fig. 2. The density resolution varies with filter
kernel size and can be calculated considering the CNR. In-
terpreting density resolution for the Paganin phase retrieval
is more challenging. For a comparison with other techniques
such as grating interferometry, several other factors must be
considered in addition to the trade-off between CNR and
SR.17
Future studies are needed to determine the effects of noise
level of the projections, sample composition, and propaga-
tion distance. Previous results have shown that certain single-
distance phase retrieval results are robust against noise,7
though the initial noise level will limit the maximum achiev-
able CNR and the slope of the SR vs. CNR curve. We ex-
pect increasing the propagation distance will benefit the per-
formance of the Paganin filter over Gaussian filtered absorp-
tion, although the latter may still perform better than previ-
ously expected. Characterizing the beam coherence26–28 will
help quantify the contributions of phase information versus
5low pass filtering to CNR gains. Paganin’s approach likely
proves more advantageous when absorption is negligible.
Gaussian filtering produces higher quality images at high
spatial resolution (low SR values) for the two biomedically
relevant samples considered here. Being model-independent,
it also allows for the quantitative interpretation of gray values.
Paganin filtering, though more commonly used, only outper-
formed Gaussian filtering at low spatial resolution where CNR
was already large. These results suggest that for certain medi-
cally relevant specimens, the density resolution improvements
from phase retrieval can be matched or exceeded by suitably
low-pass filtered absorption measurements. These results are
especially meaningful for samples with non-neglible absorp-
tion. We conclude that both the SR and CNR must be consid-
ered when comparing the quality of tomography data.
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